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CHEMICAL POOD SYNTHESIS SYSTEMS FOR SPACECRAIT 
by E. Gene Lyman 
Ames Research Center, NASA 
Moffett Field, California 9^35 

Abstract 

The life support system requirements for long duration manned 
space missions have been examined. Hybrid systems that use both 
biological and chemical processes for food synthesis from metabolic 
wastes may be feasible and competitive with systems that use stored 
food. This paper describes a typical, conceptual, configuration of 
a closed life support system. Specific processes for the synthesis 
of formaldehyde, glycerol, carbohydrates, and ethanol are discussed. 
Work currently under way to develop technology suitable for synthesis 
of such materials is briefly described. 
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Introduce ion 

Initial efforts (1,2) to develop regenerative life support 
systems for use in long duration manned space missions began in 
the 1950 's. These studies were directed toward the development of 
biological systems which would provide oxygen and potable water 
from metabolic waste products . While the emphasis in this early 
word was directed toward the -use of photosynthetic gas exchangers 
(reclamation of oxygen from carbon dioxide), attention was also 
given to the utilization of the by-product biomass as a protein 
food source, and it was shown that man can tolerate up to 20 per- 
cent of his diet as a biomass comprised of algae. More recently, 
work was begun on the chemical synthesis of foods for manned 
spacecraft . 

Based on worh of the late nineteenth century, Aherlof and 
Mitchell ( 3 ) studied the synthesis of simple carbohydrates from 
materials that could be obtained from human metabolic waste prod- 
ucts in a spacecraft. Tney synthesized formaldehyde from carbon 
monoxide and hydrogen in a silent electric discharge reactor and 
condensed it in the presence of calcium ..ydroxide to form a com- 
plex mixture of carbohydrates called formose sugar. They fed 
the mixture to rats and found it to be toxic. 

In conjunction with other programs related to the development 
of life support systems for long duration space missions, NASA 
sponsored studies to define feasible methods for regenerating foods 
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from metabolic wastes. This paper summarizes the conclusions of 
these studies and discusses work currently under way to synthesize 
foods chemically. 

Closed Life Support System 

In Table 1, typical metabolic input -output relationships for 
man are listed. As mission durations increase and crew sizes become 
larger, it will be advantageous to reclaim more and more of the 
metabolic wastes. A recent study (4) demonstrated the necessity 
of reclaiming oxygen and water in one-year, four-man-crew missions 
with expendables replenished every 90 days. Even with this degree of 
reclamation, some 14-15 percent of the wastes lost must be offset by 
means of stored food. 

Manned Mars encounter missions would probably require approx- 
imately 500 days and a 10-man crew. With the present technology 
for reclaiming water and oxygen, nearly 3,200 kg of food would be 
needed. Our closed life support system studies were directed 
toward determining the configuration and the engineering feasibil- 
ity of a regenerative life support system with a total weight 
requirement significantly less than that for a system which used 
stored food. 

The assumptions made to guide our studies are listed in 
Table 2. They are somewhat restrictive and not necessarily rep- 
resentative of what might be imposed in an actual long duration 
space mission. For example, the power penalty of 50 kg/kW is 
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on -y ar i es^i^aze ox vh at might be available by 190O. 
studies 1 conclusions are presented in reference b* The following 
briefly summarizes one results of these studios. 

As a basis for comparison , a representative physicccnemical 
system with stored food was defined that would be suitable for 
long duration missions. As the basic system, it provides the 
processes necessary for temperature and humidity control, waste 
treatment, CO^ collection, concentration and reduction, water 
reclamation and purification, water electrolysis for oxygen pro- 
motion, and other previsions for personal hygiene and sanitation. 

A block diagram of the basic system is shown in Figure 1. Gener- 
ally, a completely regenerative system would utilize all the tech- 
niques of the basic system and, in addition, would require the 
food synthesis system. 

Because the technology for the basic system was more developed, 
primary attention in the study was given to the analysis of con- 
cepts for waste processing, chemical food, synthesis, and biological 
ih synthesis. Candidate systems considered were based cn such 
concepts as photo synthetic systems including algae, duckweed, 
plants, etc.; microbiological systems including hydrogen and 
methane fixing bacteria, fungi, and yeasts; and chemical systems 
including carbohydrate, fat, protein and alcohol synthesis pro- 
cesses . From these, essentially two classes of completely regen- 
erative systems evolved; in the first, all the food is synthesized 
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biolog ically; and in the second a hybrid process of both biological 
and chemical processes is used. 

From the viewpoint of weight and power . the biological system 
is preferred over the hybrid. However, the use of the biological 
system is based on the assumption that man can tolerate a high 
level of protein in his diet. There are indications that a high 
protein diet consumed over a long period imposes physiological 
stresses, such as increased water turnover. Since the hybrid sys- 
tem can produce a diet with components in more conventional 
proportion, it is considered to be a preferable approach. 

The caloric requirement and the desirable composition of the 
diet are relatively well established (6) . There is some varia- 
tion, however, in recommended allowances and actual consumption. 

For example, a minimal protein requirement of 35 g per day for a 
70 kg man is considered adequate. The adult American, however, 
prefers considerably more and his average diet provides around 
100 g . The 35 g diet supplies approximately 7-8 percent of the 
total daily caloric requirement, while the 100 g diet supplies 
18-20 percent . The remainder of the caloric needs is met through 
essentially equal quantities of fat and carbohydrate. Fat provides 
9 calories per g, compared to 4.5 for protein and carbohydrate. 

From weight and volume considerations, it would be advantageous 
to construct a diet with a high fat content . An upper dietary 
limit of 50-percent fat has been suggested (j) since more may 
prove to be physiologically detrimental. 
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Our predisposition then has been to prefer a closed system that 
would furnish a normal calorically constituted diet. A simplified 
schematic diagram of such a system is shown in Figure 2 • Its prin- 
cipal features are a urine processing system, a solid and fecal 
waste processing system, a bacterial ( Hydrogenomonas eutropa ) pro- 
tein synthesis system, and chemical reactors for carbohydrate syn- 
thesis. A specific fat synthesis process is not shown. For this 
scheme, the assumption was made that the required fats would be 
provided from stored supplies. A later section of the paper dis- 
cusses a fat synthesis concept currently being investigated. 

Since the intent of this paper is to examine chemical syn- 
thesis, the waste processing and bacterial systems are only 
briefly discussed. The function of the waste processor is to 
treat and condition raw urine and fecal material into a form 
acceptable as the nutrient medium for the bacterial system. The 
bacterial system includes the necessary culture apparatus , pumps , 
and controls to recombine the waste nitrogan, sulfur, carbon, 
hydrogen, and oxygen into protein. A system is also shown for 
processing the protein-rich bacteria into an acceptable food. As 
yet , the requirements for this are undef ined . 

The Hydrogenomonas system does not require light for growth as 
do the algal photo synthetic systems . It obtains its energy for 
growth from the recombination of hydrogen and oxygen. A photo- 
synthetic system is hampered by many inefficient steps. The 



7 


conversion of electrical energy to light is about 20 percent 
efficient, and the utilization of light by the active photo- 
synthetic cell is about 20 percent. A net efficiency results 
which is something less than 4 percent . The Hydrogenomonas 
process power requirement is largely a function of that neces- 
sary to electrolyze water to provide hydrogen and oxygen. Cur- 
rent electrolysis systems for spacecraft are approximately 
50-60 percent efficient. Assuming other process inefficiencies 
and losses, the bacterial system should be some five or six times 
more efficient than a photosynthetic system under the conditions 
of the assumptions stated earlier . 

The remaining sections of the paper present an account of our 
activities in chemical food synthesis. 

Formaldehyde Synthesis 

As noted in Figure 2, a process for the synthesis of formal- 
dehyde is needed because formaldehyde is an intermediate material 
for the synthesis of carbohydrates . Our studies showed that form- 
aldehyde was also an intermediate in some processes for fat syn- 
thesis . Since many of the unit operation problems associated with 
the synthesis of formaldehyde were common to other processes, it 
was considered appropriate first to attempt a solution here rather 
than choose specific fat or carbohydrate synthesis processes . If 
successful, the technology developed could be directly applicable 


to other concepts. 
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Formaldehyde is produced extensively and economically by two 
significantly different approaches. Usually, carbon monoxide and 
hydrogen form methanol and methanol is oxidized to form formaldehyde. 

CO + 2H 2 > CH 3 OH 

CH 3 OH + | 0 2 > HCHO + H 2 0 

In the other method, mixtures of hydrocarbons, including methane, 
are oxidized to form formaldehyde. 

(C n C 2n42 ) + n0 2 > nHCHO + nH 2 0 

The product also contains many other organic compounds and the yield 
of for m aldehyde is considerably less than that of the methanol pro- 
cess . In Germany formaldehyde is produced commercially from methane 
alone. The technique is evidently influenced by economical factors 
related to the availability of reactants. 

The spacecraft technique is also influenced by various factors . 
Economics is one, but simplicity of operation is more important. 

Figure 3 shows the processes which would be involved if the methanol 
system were adopted. Most noticeable are the high temperature 
and/or pressure reactors for producing carbon monoxide and syn- 
thesizing methanol. Also shown is a separator for removing 
unreacted gases after methanol is converted to formaldehyde . The 
advantages of this technique are that reaction conditions are well 
known and yields are high. Disadvantages are the high pressures 
and temperatures required and the gas-liquid phase separation problems. 
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The methane technique is shown in Figure k. There are 
relatively high temperature reactors, hut the reactions are all 
carried out at ambient pressure. Yields are less than with the 
other process and the need for gas-liquid separation still exists. 
Typical catalysts, such as ozone or nitrous oxide, may be diffi- 
cult to produce or control in a spacecraft- The major disadvan- 
tage of this approach, however, is that complete oxidation of 
methane to carbon dioxide and water is much more favored 
thermodynamically . 

Other processes for producing formaldehyde were also con- 
sidered. The complexities of the necessary processes and uncer- 
tainties of various steps in the processes caused their rejection 
for further serious consideration as candidate methods. Formal- 
dehyde synthesis by both the methane and methanol route is cur- 
rently being investigated in the laboratory. To date, attempts 
to synthesize formaldehyde via the methane route have been dis- 
couraging. It is too early to comment on progress via the 
methanol route . 

Glycerol Synthesis 

Normal fat, protein, and carbohydrate which make up our diets 
are generally composed of long chain complex molecules. To simplify 
the synthesis process, an effort was made to identify simpler mole- 
cules which would satisfy nutritional requirements. Glycerol is 
such a material. Feeding studies (8) have been conducted with rats 
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to determine tolerable levels of glycerol in the diet . This work 
suggests that glycerol can provide up to 40 percent of the caloric 
requirement with no ill effects . 

In a study ( 9 ) primarily directed toward an analysis of the 
synthesis of fats , techniques for the synthesis of glycerol were 
also investigated. In passing, it should be noted that a process 
which involved the synthesis of ethylene from carbon monoxide, 
polymerization to a-olefines via the Ziegler growth reaction, con- 
version to fatty acids by oxidative ozonolysis, and combination 
with glycerol to form edible glycerides was defined as the most 
feasible technique for lipid synthesis. However, the process is 
considered to be too complex for spacecraft use, and it is probable 
that work to pursue synthesis for such use will not be undertaken. 

Four methods (10) of glycerol synthesis were examined: 

(a) direct hydrogenation of carbon monoxide, (b) synthesis from 
acetylene and formaldehyde, (c) trimerization of formaldehyde, 
and (d) hydrogenolysis of carbohydrate. The examination of these 
techniques was quite extensive and only the conclusions of the 
investigation will be discussed. The first method 

CH 2 CHCH 2 

3C0 + 3H 2 I I | 

OH OH OH 

is conceptually simplest. However, the reaction favors the forma- 
tion of ethylene glycol and requires pressures in excess of 
1,000 atmospheres. 
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The second, synthesis from formaldehyde and acetylene, follows 
the reaction sequence: 

Cu(CaCH) 2 

HC s CH + HCHO > HC = CCH 2 OH 

HC = CCH 2 OH — > H 2 C = CHCH 2 OH 

h 2 o 2 

h 2 c = chch 2 oh — — > ch 2 chch 2 

I I I 

OH OH OH 

All steps in this method are well known, are considered fairly 
reliable , and give high yields; but the method is undesirable 
because it is complex and involves handling hazardous material. 

The last two processes are considered to offer more promise. 

In trimerization of formaldehyde, three carbon sugars and hydroxy 
ketones are formed by the condensation of formaldehyde . They are 
then hydrogenated to glycerol . 

Base 

HCHO > HOCH 2 CHCHO + CH 2 COCH 2 

I I I 

OH OH OH 

H 2 

HOCH 2 CHCHO + CH 2 COCH 2 — - - > 2CH 2 CHCH 2 

I I I I I I 

OH OH OH OH OH OH 

Generally, the problems associated with this concept are related to 
stopping the first reaction at the three-carbon stage. The formation 
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of pentoses and higher sugars proceeds readily under favorable 
conditions. The second reaction proceeds above 100 atmospheres. 

The usual problems of product separation and high pressure and 
temperature reactors contribute to the overall complexity of this 
process for spacecraft use . 

The final process for glycerol synthesis, hydrogenolys is of 
carbohydrates, is similar to trimerization of formaldehyde process. 
Formaldehyde is allowed to condense to higher sugars. They are 
reduced to polyhydric alcohols , and the alcohols are further 
hydrogenated to form glycerol . 

CHO CH 2 0H 

| H I 

(chohL — ^ (ghoh) 4 

I I 

ch 2 oh ch 2 oh 

ch 2 oh 

(CHOH), - ■ -- • > 2CH 2 CHCH 2 

I III 

ch 2 oh oh oh oh 

The second reaction occurs more readily at 100 to 200 atmospheres 
pressure. However, ethylene glycol and propylene glycol are also 
formed, and the process is complicated by the usual separation 
problems . 

Carbohydrate Synthesis 

The main technique for synthesis of carbohydrate has been 
introduced in the discussion of glycerol synthesis, that is. 
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condensation of formaldehyde. Hie first observation of the 
formation of sugars was reported in l 86 l (ll) . Intervening work 
is summarized by Shapira (5 j p. 175)* The major disadvantage 
of this method is that it is nonspecific) that is , three-, four-, 
five-, and six-carbon sugars may be formed. Furthermore, optically 
active isomers of the sugars form. Naturally occurring sugars are 
composed of the D isomers. However, during synthesis, equal quan- 
tities of L isomers form. Little is known of their caloric value 
or of their possible toxicity. While the toxicity of the L form 
is not known, studies ( 3 , 8 ) in which the synthetic mixture was fed 
have been relatively unsuccessful. Presently, it is not known 
whether the mixture itself is toxic or if formaldehyde may still 
be in the product . Efforts are currently under way to purify the 
mixture further in order to resolve the question. Studies were 
recently initiated to study carbohydrate synthesis by passing 
formaldehyde through a catalyst matrix with optically active sites. 
It is hoped that this work will lead to synthesis of a sugar 
mixture of the D isomer optical form. 

An alternative approach to carbohydrate synthesis via the form- 
aldehyde route is to stop the condensation at an intermediate stage 
(as was necessary with glycerol synthesis) . The products are 
reacted in the presence of a base to form fructose and sorbose . 



Base 


Formaldehyde > DL-glyceraldehyde + dihydroxyacetone 


DL-glyceraldehyde 
+ dihydroxyacetone 


Base ^ 

> DL-fructose + DL-sorbose 


Sorbose is poorly tolerated in the diet and an additional process 
for its removal would have to be introduced. Since this approach 
required the development of essentially the same techniques as does 
the process previously described, there was no particular advantage 
foreseen in pursuing it at the present . 

Ethanol Synthesis 

One other process is worthy of consideration for a spacecraft 
chemical food synthesis system. Studies of the nutritive and 
toxicological properties of ethanol indicate it has a high caloric 
value, and with suitable supplement of protein and carbohydrate , 
and a controlled rate of consumption, it might provide a substantial 
part of man's caloric requirement. 

Ethanol production could result from the following reaction 

( 12 ): 

3C0 + 3H 2 > C 2 H 5 OH + C0 2 

The conditions for this reaction are 150°-200° C and 10-20 atmo- 
spheres pressure. Under these conditions, a product is formed 
which is 4 to 8 percent ethanol. The processes required for an 
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ethanol plant are shown schematically in Figure 5 . Ethanol synthesis 
requires considerable recycling of by-products which discourages 
laboratory studies of the process. 

Unit Operations 

The ability to synthesize foods, chemically, in a spacecraft 
will depend in large part on the solution to unit operations prob- 
lems . Figure 5 is typical of synthesis processes; there are require- 
ments for high pressure, high temperature reactors, gas-liquid and 
liquid-liquid separation, heat exchangers, and process controllers, 
pumps , etc . The problem is further compounded by the constraints 
of power, weight, volume, and zero gravity. Also, consideration 
must be given to the necessity for long term reliable performance, 
for the crew may not be able to operate and maintain a complex 
chemical plant . 

Generally, our approach has been to investigate processes 
that are not used conventionally. Our selections have been based 
on the consideration of possible, and preferred, mechanical 
simplicity. In investigating these processes considerable effort 
is required to prove or disprove work previously reported in the 
literature, for example, the work related to synthesizing form- 
aldehyde by methane oxidation- Further, new technology or 
processes must be generated. The probability of synthesizing 
suitable carbohydrates would be greatly increased if a simple 
process for the resolution of racemic mixtures were developed. 
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Solutions to these problems are not yet in hand. Space 
missions which are postulated for the next two decades consider 
durations of such magnitude that regenerative systems to some 
degree may he essential. In addition to the requirements of 
future space missions, the technology developed may he applicable 
to more immediate problems of the world’s food supply. 
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Input 

Water 

Oxygen 


TABLE 1 

Man’s Metabolic Requirements 
, g/day Output, g/day 


2,900 

Water 

3 

825 

Carbon dioxide 

1 


Solid wastes 



,080 

,010 


Food 


270 
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TABLE 2 

Closed Life Support System Study Constraints 
Mission duration 1 to 3 years 

Crew size 10 to 100 men 

Gravity Zero or reduced 

Spacecraft orientation Random 
Power penalty 50 kg/kVf 

Atmosphere Standard 

Chemical and/or ‘biological 


Processes 


BASIC LIFE SUPPORT SYSTEM WITH STORED FOOD 



NATIONAL AERONAUTICS AND SPACE ADMINISTR/ 
AMES RESEARCH CENTER, MOFFETT FIELD, CAUFOR 



COMPOSITE REGENERATIVE LIFE SUPPORT SYSTEM 



AMES RESEARCH CENTER, MOFFETT FIELD, CAUFORN 







FORMALDEHYDE SYNTHESIS WITH METHANOL INTERMEDIATE 



NATIONAL AERONAUTICS AND SPACE AOMINISTRATI 
AMES RESEARCH CENTER, MOFFETT FIELD, CAUfORNI 







FORMALDEHYDE SYNTHESIS WITH METHANE INTERMEDIATE 



NATIONAL AERONAUTICS AND SPACE ADMINISTRAT 
AMES RESEARCH CENTER, MOFFETT FIELD, CALIFORN 





PROCESS FOR ETHANOL SYNTHESIS 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
AMES RESEARCH CENTER, MOFFETT FIELD, CALIFORNIA 




